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Introduction
The use of semiconductor photocatalysis for treatment of waste and potable waters has been a topic of intense research activity over the past 25 years [1] [2] [3] [4] .
One challenge in the application of this technique is the requirement for an in-situ sensing method for monitoring removal of pollutants from the water, particularly in larger water treatment units. There are several analytical methods that have been used for monitoring pollutant destruction, including chromatography, spectroscopy, and electroanalytical techniques [5] [6] [7] . In many water treatment applications, the TiO2 photocatalyst is deployed as powder dispersions in the contaminated water [1] [2] [3] [4] and prior to analysis the water must be sampled and the catalyst separated from the water specimen. Both these steps can be time consuming and also present challenges for precise analysis due to risk of sample loss and contamination.
It would therefore be highly desirable to analyse the destruction of pollutants in situ without sample pre-treatment.
Dyes pose a potential environmental hazard because they produce and involve a variety of organic chemicals in their manufacturing processes. Some attempts therefore have been made to study the photocatalytic destruction of several dyes for example rhodamine B [8] , eosin [9] , methylene blue [10] [11] [12] and azo dyes such as acid red 14, acid orange 8 and acid orange 7 [13] [14] [15] .
Fluorescence spectroscopy has proven to be a versatile tool for numerous applications particularly monitoring of fluorescent contaminants such as dyes in water. Fluorescence spectroscopy has three major advantages over other lightbased investigation methods, these are high sensitivity, high speed, and because light is emitted in all directions, the geometry of detection is much more flexible [6, 8] Furthermore, with regards to photocatalysis, the fluorescent signal is less affected by scattered light caused by TiO2 particles compared to a UV-Visible spectrum signal because the fluorescent signal is collected from a different wavelength to the excitation wavelength.
This paper reports the direct detection of the photocatalytic destruction of methylene blue in water using a novel compact fluorimeter that can measure fluorescence signal and hence concentration, through a glass vessel and does not require sample removal from reactor vessels or sample preparation prior to analysis.
Materials and Methods

Materials
TiO2 (P25, Degussa, UK), Methylene Blue (Aldrich Chemicals) and heavy water (Aldrich chemicals) were used as received.
Photocatalysis
Photocatalysis experiments were conducted in a poly-methylmethacrylate (PMMA) fluorescence cell and the TiO2 powder was agitated using a magnetic stirrer. Samples were irradiated using a 150 W medium pressure mercury lamp (Spectral output 250-550 nm, Oriel). Aqueous solutions of methylene blue (10 -5 -10 -4 M) were illuminated in the presence of air and the photocatalyst (0.1% m/v slurry of TiO 2 ). The same procedure was adopted for the experiments performed in D2O.
Analysis
The destruction of the methylene blue dye was monitored using a Perkin Elmer fluorescence spectrometer (LS 50B) and a novel compact fluorimeter developed and constructed in-house.
A schematic diagram of the new compact fluorosensor is shown in Fig. 1 Operating conditions of the Perkin Elmer fluorescence spectrometer (LS 50B) are summarised in Table 1 . The fluorescence is recorded as arbitrary units. A standard solution is measured each run to ensure comparability between the fluorescence measurements. The scale can be altered by 3 factors of 10 using the 3 gain selection settings.
Results and discussion
Comparison between bench fluorimeter and compact fluorimeter
The fluorescence of a methylene blue solution was measured using a bench fluorescence spectrometer (Perkin-Elmer) and the new compact fluorimeter for the comparison of both instruments. The fluorescence intensities were plotted against varying concentrations of methylene blue dye.
As shown in Fig In order to investigate the effect of the TiO2 powder on the response of both instruments the fluorescence signal was measured under different concentrations of photocatalyst powder (Fig 4) . In the case of the standard bench fluorimeter, the fluorescence intensities displayed a very sensitive but short linear range up to a loading of 0.025 %( w/v) TiO2. With the compact fluorimeter, however, a very long linear range was observed as displayed in the figure. The anomalies between these results were believed to be due to the differences in the optical geometries of the bench fluorimeter and the compact fluorimeter.
A typical standard bench top fluorimeter consists of a light source, detector, several lenses, gratings and the sample cell (Fig 1b) . This optical geometry is very sensitive to the sample cell position. Therefore, small changes in path length and position can strongly affect the observed fluorescence signal. Overall, the results indicated that the compact fluorimeter appeared to be a suitable system for direct detection of dye destruction with a TiO2 dispersed powder photocatalysis system. Consequently this system was used for direct monitoring for destruction of methylene blue dye.
Direct detection of the destruction of dyes using the compact fluorimeter
Before monitoring the photocatalytic destruction of methylene blue, the change in dye fluorescence under UV irradiation was monitored. This was specifically to determine if there was any direct photolytic degradation of the dye in the absence of the photocatalyst and also to ensure that a stable signal was obtained from the fluorosensor. No evidence of direct dye photolysis was observed after 60 minutes irradiation.
The photocatalytic destruction of methylene blue was then examined at different initial concentrations using the compact fluorimeter to monitor the dye degradation process (Fig 5) . In each case a complete destruction of the dye had been achieved with 30 minutes photocatalysis. The spike peaks observed in Fig   6 were typical of noise generated from the UV lamp power source. Typically for photocatalytic decomposition processes, higher initial concentrations resulted in faster initial destruction rates.
To demonstrate the repeatability of photocatalytic activity of the TiO2 material, continuous destruction cycles of methylene blue were performed for six continuous destruction cycles ( 
Kinetic solvent isotope effect in photocatalytic destruction of methylene blue
The kinetic solvent isotope effect on the photocatalytic destruction of methylene blue was also assessed. This technique can provide information on the basic processes involved in the photocatalytic reaction with the methylene blue. From Table 2 it can be seen that the initial rate of methylene blue destruction in the D2O solvent was 5 times slower than that observed in water. Cunningham and Srijarani [16] and Robertson et al. [17] reported a similar kinetic isotope effect for the destruction of isopropanol and microcystin-LR respectively using TiO2 photocatalysts. It was proposed that the slower destruction rate was due to lower quantum efficiency for the formation of OD • radicals on the TiO2 surface which was believed to be the main oxidant in the photocatalytic destruction of the organic compounds. As a result there was a lower concentration of OD
• available in solution for oxidation of the methylene blue than there would be of
The results obtained in this study would appear to indicate that the photocatalytic destruction of methylene blue appears to follow a similar pathway to both isopropanol and microcystin-LR as the same level of kinetic solvent isotope effect was observed. This process is likely to be via the surface formation of hydroxyl species which is likely to be the primary agent in dye degradation.
Salvador has, however, reported that reactive holes have been involved in photocatalytic decomposition reactions in aqueous suspensions of TiO2 as an alternative mechanism to hydroxyl radical attack [18] . Whatever mechanism applies the compact instrument is particularly useful for this type of analysis where there may be subtle changes in destruction rates, hence providing a more accurate measurement of the precise level of kinetic solvent isotope effect.
Analytical methods which require catalyst separation and pre-treatment are prone to both sample loss and potential contamination which may reduce the accuracy of the analysis.
Conclusions
Compared to the compact instrument, the standard bench fluorimeter displayed a narrower linear range to the fluorescence signal of dyes and was subject to significant interference from TiO2 dispersions. Therefore the bench instrument would not be applicable for direct monitoring of photocatalytic destruction in a TiO2 dispersed system. The compact fluorimeter, however, showed an excellent linear relationship.
Using the compact fluorimeter, the destruction of dyes was directly monitored with no sample pre-treatment. This system also has the potential to provide a standard test method for comparing photocatalytic activity of different TiO2 materials for the destruction of fluorescent dye compounds. A similar kinetic solvent isotope effect was observed for the photocatalytic destruction of methylene blue to that reported by other groups for different molecules. Additionally, this novel instrument has significant advantages in real time detection, since no sample treatment is necessary and the instrument is relatively cheap to produce. Tables   Table 1. Fluorescence spectroscopy operating conditions using bench top fluorescence spectrometer. 
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